Introduction {#sec1}
============

Huntington's disease (HD) is a progressive neurodegenerative disorder caused by an expanded CAG repeat within the *Huntingtin* gene (*HTT*), coding for an expanded polyglutamine repeat within the huntingtin protein (HTT) ([@ref1]). There is selective atrophy of the striatum, consisting of the caudate and putamen, as well as dysfunction and atrophy of the cerebral cortex. As the disease progresses, other brain regions are also affected. Within the striatum, the medium spiny neurons (MSNs) are selectively lost, with preservation of other cell types ([@ref5],[@ref6]). *HTT* CAG repeat lengths of 40 or more invariably cause HD, and within this expanded range, longer repeats cause earlier onset and more rapid progression. Disease symptoms include progressive cognitive impairment and movement abnormalities as well as variable but frequent emotional and personality changes.

A central goal of HD research is to understand the underlying pathogenic mechanisms, which has been complicated due to the wide range of cellular processes impacted. Cellular mechanisms impacted include transcription, cellular transport, neuronal growth factor production or transmission, proteostasis and others, as a consequence of abnormal conformations and accumulation of mutant HTT protein (and possibly RNA) within cells ([@ref1],[@ref2],[@ref7],[@ref8]). Historically, even prior to the identification of the disease gene, alterations of normal cellular metabolism have been implicated ([@ref9]). However, the exact nature of the metabolic abnormalities in the presence of the mutant HTT remains unclear.

Mitochondrial toxicity has long been associated with HD pathogenesis ([@ref12]). Mitochondria are the major source of energy in the cell through oxidative phosphorylation and play an important role in calcium and free radical metabolism ([@ref15],[@ref16]). Mitochondrial poisons such as quinolinic acid or 3-nitropropionic acid produce selective degeneration of MSNs, mimicking the neuropathology of HD ([@ref17]). However, these compounds have other non-mitochondrial targets as well ([@ref21],[@ref22]), and do not perfectly mimic the metabolic changes caused by the mutation ([@ref33]). Loss of mitochondrial complexes has been found in HD postmortem striatum ([@ref23],[@ref24]). Mutant HTT has been reported to be present in mitochondria ([@ref25]) and to interfere with mitochondrial fission and fusion ([@ref28]). Further, HTT is necessary for mitochondrial structure and function during embryogenesis ([@ref29]). The transcription factor (TF) PGC1alpha, which controls expression of many mitochondrial proteins and mitochondrial biogenesis, is also reduced in HD ([@ref30]).

However, not all studies have supported mitochondrial mechanisms for metabolic disorders in HD ([@ref31]). A study in the YAC128 mouse model suggested that mitochondrial respiratory dysfunction is not essential for HD pathogenesis ([@ref25]). Additionally, in the R6/2 mouse model, mitochondria were not found to be impaired ([@ref32]). Gene expression changes in striatal cells homozygous for CAG repeat expansion in *HTT* did not show expected changes in mitochondrial pathways ([@ref33]). Furthermore, even if there are changes in mitochondria in HD, it is not clear if they are a cause or a consequence of HD pathogenesis ([@ref34]). A seminal positron emission tomography study found alterations in metabolism of the striatum; however, the pattern of cerebral metabolic rate for oxygen compared to cerebral metabolic rate for glucose was more consistent with alterations in glycolysis than alterations in mitochondrial metabolism ([@ref35]). In fact, other studies have also suggested that there is abnormal glycolysis in HD brain and cerebral spinal fluid ([@ref13],[@ref36]) and in HD models ([@ref37]).

Most of the experimental studies in the energetics of HD have been conducted in mouse models or in non-human or human immortalized cell lines, which may not directly reflect changes in human striatal neurons. We previously developed induced pluripotent stem cell (iPSC) models of HD ([@ref40]) to examine disease mechanisms. Fibroblasts from HD patients and non-diseased controls were reprogrammed into iPSCs, and then differentiated into either neural cells or mature neurons with MSN characteristics. We have used these iPSC-derived neural cells to investigate metabolic abnormalities using a multidisciplinary approach.

Results {#sec2}
=======

The HD iPSC Consortium has produced iPSC lines derived from fibroblasts of HD patients with *HTT* CAG lengths of 50 (50n3, 50n6 and 50n7), 60 (60n5 and 60n8), 66 (66n4) or 109 (109n1, 109n4 and 109n5) repeats, and from unaffected controls with 17 (17n1), 18 (18n5), 21 (21n1, 21n2 and 21n3) or 33 (33n1) repeats ([@ref40],[@ref41]) ([Supplementary Material, Table S1](#sup5){ref-type="supplementary-material"}). In this work, we evaluated metabolism in undifferentiated iPSCs, in neural progenitors derived from these cells, and in fully differentiated cells derived from two distinct differentiation protocols. One produces a mixed population of striatal neural cells and precursors ([@ref42],[@ref43]) and the other a purer population of MSN-like neurons ([@ref44]).

![Human iPSCs from HD patients show decreased cellular ATP levels. Box and whisker plots from a 96-well plate-based dual live-cell fluorescence and luminescence intensity-based quantitative cellular ATP analysis. **(A)** Cellular ATP analysis of undifferentiated human iPSCs spanning the *HTT* CAG repeat length spectrum. For each cell line, at least 16 biological replicates across multiple experiments were measured. **(B)** Box and whisker plots show cellular ATP analysis of unaffected (18n5) and HD affected (60n5) patient-derived human iPSCs differentiated to neuronal progenitors or mature medium spiny-like neurons. For each cell line, at least 12 biological replicates across multiple experiments were measured. **(C)** Cellular ATP analysis of human neuronal progenitor cells (NPCs) are unaffected by the method of iPSC generation. Human fibroblasts reprogrammed via the Yamanaka factors delivered either through the integrating lentiviral (grey) or the non-integrating episomal (white) method to generate the HD patient iPSCs are indicated. For each cell line, at least nine biological replicates across multiple experiments were measured. One-way ANOVA in (A), Student's *t*-test in (B) and (C). ^\*\*^ indicates *P* \< 0.01 while ^\*\*\*^ indicates *P* \< 0.001.](ddy430f1){#f1}

To evaluate the baseline state of cellular metabolism in human iPSCs, we measured adenosine triphosphate (ATP) levels in undifferentiated iPSCs using a live-cell fluorescence- and luminescence-based assay. Cellular ATP levels were significantly lower in HD cells than controls in a CAG repeat length-dependent manner ([Fig. 1A](#f1){ref-type="fig"}). To determine if this remains true throughout differentiation to neurons, iPSCs were differentiated via small molecules to neuronal progenitors ([@ref45]) and to mature MSN-like neurons ([@ref44]). HD cells also showed decreased ATP at these two levels of differentiation ([Fig. 1B](#f1){ref-type="fig"}). The method of reprogramming did not affect ATP levels, as neural progenitor cells derived from iPSCs reprogrammed via integrating lentiviral and non-integrating episomal methods showed similar ATP levels ([Fig. 1C](#f1){ref-type="fig"}).

![Proteomic screen of iPSC-derived striatal neural cells suggest differences in expression of metabolic proteins. **(A)** Principal component analysis of proteomic measurements in striatal neural cells produced as in (42) separates samples based on CAG repeat length. Control cell lines (21n1, 33n1 and 28n6) are green, the HD cell line with 60 CAG repeats is blue and HD cell line with 109 repeats are shown in red. **(B)** Western blot confirms decreased levels of Enolase 2 (ENO2) in HD neurons. Equal loading was verified by stain on Actin. **(C** and **D)** The Omics Integrator tool found subnetworks enriched for bioenergetics functions altered in these cells. Nodes indicate differentially expressed proteins (ovals) as well as \`hidden nodes': metabolites (triangles) and proteins (rectangles) which did not result from analysis of the proteomic screen, but were implicated by the network algorithm. Colors indicate proteins that are significantly downregulated (blue) and upregulated (red). Increased line thickness indicates higher confidence in the interaction between two molecules. The network in (C) contains downregulated glucose transporters, and the network in (D) contains upregulated components of the electron transport chain and several proteins involved in mitochondrial translation. The full interactive network can be viewed at <http://fraenkel.mit.edu/omicsintegrator/iPSC_MSN/network.html>.](ddy430f2){#f2}

![Protein and mRNA changes in the glycolysis and oxidative phosphorylation pathways. Pathway images are based on those by WikiPathways (49). A red box was overlaid over proteins that were significantly upregulated, while a blue box was overlaid over proteins that were significantly downregulated (moderated *t*-test *P* \< 0.05). A red outline surrounds proteins whose mRNA was upregulated, while a blue outline surrounds proteins whose mRNA was downregulated (corrected *P* \< 0.05). Changes to mRNA are derived from our previously published RNA-seq data in these cultures (42).](ddy430f3){#f3}

Dysregulation of cellular metabolism was also implicated in iPSC-derived neural cells by quantitative proteomics analysis via liquid chromatography--mass spectrometry (LC-MS). To match the population of cells previously submitted for RNA sequencing and ChIP analyses ([@ref42]), cultures were prepared in parallel using a differentiation protocol that yields a mixed population of striatal neural cells, as previously described ([@ref42]). Of 2909 detected proteins with acceptable quality, 284 were found to be differentially quantified between HD and control iPSC lines (60n5, 109n1 and 109n5 versus 21n1, 33n1 and 28n6). The samples separate by repeat length along the first two principal components in a principal component analysis ([Fig. 2A](#f2){ref-type="fig"}). Enrichment analysis of the detected differential proteins, ranked by modified *P*-value, showed enrichment for neurological gene ontology (GO) terms such as \`neurotransmitter secretion' (FDR *q* = 0.0008) and \`vesicle-mediated transport in synapse' (*q* = 0.001). Similar terms were enriched for genes whose mRNA expression was decreased in HD in the same cell lines differentiated with this protocol ([@ref42]). However, there is also a group of enriched GO terms related to metabolic process and mitochondrial function which were not detected in the transcriptomic analysis, such as \`mitochondrial translation' (*q* = 0.0003), \`small molecule metabolic process' (*q* = 0.0008) and \`generation of precursor metabolites and energy' (*q* = 0.003).

One of the proteins significantly decreased in HD cell lines was enolase 2 (ENO2), or neuron-specific enolase, a phosphopyruvate hydratase found only in mature neurons and involved in glycolysis ([Supplementary Material, Fig. S1](#sup1){ref-type="supplementary-material"}). Staining for other markers of mature neurons had not shown a change in cell-type populations between HD and control cell lines with this differentiation protocol ([@ref42]), implying this enzyme was specifically decreased in neurons. A decrease in ENO2 could have important consequences for neuronal glycolysis. This decrease in ENO2 was also observed in previously published RNA data ([@ref42]) and confirmed via western blot in differentiated cells with 109 and 50 CAG repeats, a cell line which was not evaluated via proteomic screen ([Fig. 2B](#f2){ref-type="fig"}).

The enrichment of altered bioenergetic pathways in the proteomics data was confirmed by unbiased integrative analysis of the high-throughput data collected in these cells. We used the Omics Integrator software tool ([@ref46]) to find subnetworks within a background protein--protein interaction network that are significantly altered in the HD cells. As background, we used the publicly available human protein--protein interaction network from IRefIndex v13 ([@ref47]) and added HTT-specific interactions ([@ref48]). The 284 differential proteins were input to the tool, along with the TFs previously predicted to be influential in these cells, based on gene expression and epigenetic state, by the GarNet tool. The full network can be explored interactively at <http://fraenkel.mit.edu/omicsintegrator/iPSC_MSN/network.html>. Several of the subnetworks are enriched for bioenergetic functions, such as a subnetwork enriched for \`glucose transport' (*q* = 0.02) that consists of mostly downregulated proteins ([Fig. 2C](#f2){ref-type="fig"}) and a subnetwork enriched for \`electron transport chain' (*q* = 2.7e-8) and \`mitochondrial translation' (*q* = 4.4e-13) that consists of mostly upregulated proteins ([Fig. 2D](#f2){ref-type="fig"}).

In addition to the unsupervised pathway analysis using the Omics Integrator tool, we also compared the data to the bioenergetic pathways in the WikiPathways database ([@ref49]) ([Fig. 3](#f3){ref-type="fig"}). Six proteins in the glycolysis pathway were downregulated: SLC2A1, SLC2A3, HK2, ALDOC, PGK1 and ENO2. These protein expression changes correlate with transcriptomic analysis, as six mRNAs that code for proteins in the glycolysis pathway were downregulated: *SLC2A3, GCK, PFKP, ALDOC, ENO2* and *PKLR*, and just one *PFKM*,was upregulated. Meanwhile, seven proteins in the oxidative phosphorylation pathway are upregulated: B15, NDUFB4, CI-51kD, CI-42kD, ATP5O, ATF5F1 and STP5D, while none of these molecules were significantly changed at the RNA level. These analyses point to a switch in HD cells where glycolytic genes and proteins are expressed at lower levels than normal, while proteins involved in oxidative phosphorylation are more abundant.

Because analysis of the proteomic data in the striatal neural cultures indicated a change in the metabolic pathway used in these cells, we directly evaluated cellular metabolism in a purer population of iPSC-derived MSN-like neurons via Agilent Seahorse assay. We measured oxygen consumption rates (OCRs) and extracellular acidification rates (ECAR) in mature neurons derived from two HD (109n1, 66n4) and one control (28n4) subjects. Comparisons of OCR measurements between both HD cell lines versus the control showed deficits in ATP production ([Fig. 4A](#f4){ref-type="fig"}). Only the 109 repeat line showed a significant deficit in maximal respiration ([Fig. 4B](#f4){ref-type="fig"}), and neither 109 nor 66 lines showed a significant decrease in spare respiratory capacity when compared to control ([Fig. 4C](#f4){ref-type="fig"}). However, ECAR measurements following treatments with the ATP synthase inhibitor oligomycin revealed a decrease in spare glycolytic capacity in the HD lines ([Fig. 4D](#f4){ref-type="fig"}). This decrease was similar to additional data gathered using the same assay in early neural populations (data not shown), suggesting that HD cells retain this deficit throughout development. These results suggest that the impaired energy metabolism in the HD neurons is caused at least in part by deficient glycolytic capacity.

![Bioenergetic deficits in HD iPSC-derived neurons. Seahorse XF24 Mito stress assay on 28n4, 66n4 and 109n1 iPSC-derived medium spiny-like neurons. **(A)** ATP production was calculated as the decrease in OCR from basal to posttreatment with ATP synthase inhibitor oligomycin. **(B)** Maximal respiration was calculated as the decrease in OCR after treatment with the protonophoric uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) to after treatment with electron transport inhibitor rotenone. **(C)** Spare respiratory capacity was calculated as the increase in OCR from basal to posttreatment with FCCP. **(D)** Spare glycolysis measured by ECAR following treatments with the ATP synthase inhibitor oligomycin. Results represented as mean ± SD after normalization to the number of cells in each well, *n* = 15 across three experiments. One-way ANOVA, Dunnett's *post hoc*, ^\*^ indicates *P* \< 0.05, ^\*\*^ indicates *P* \< 0.001 and ^\*\*\*^*P* \< 0.0001.](ddy430f4){#f4}

The small to insignificant changes we detected in maximal respiration and spare respiratory capacity imply that mitochondrial oxidative phosphorylation is only minimally affected by mutant HTT in these iPSC-derived neuronal cells. However, HD research has long shown an association between HD tissues and mitochondrial toxins ([@ref15]). We therefore tested whether HD-derived cells are especially sensitive to oxidative damage via treatment with hydrogen peroxide and paraquat. The former is a reactive oxygen species that is an aerobic product generated naturally in cells, which can damage DNA, proteins and lipids. The latter is a redox-cycling quinolone that generates reactive oxygen species in the form of superoxide anion radicals. Both of these agents cause reactive oxygen species to be produced by the mitochondria ([@ref50],[@ref51]). The iPSC-derived HD neural progenitors showed an increased sensitivity to oxidative stress caused by treatment with paraquat and hydrogen peroxide ([Fig. 5](#f5){ref-type="fig"}).

![*HTT* CAG repeat length enhances sensitivity to oxidative stress**.** Live-cell fluorescence intensity-based survival analysis of human NPCs from either an unaffected (17m8 CAG17/17) or HD affected (60i4 CAG60/18) individual. Bar plots showing compound dose (untreated or 1 m[m]{.smallcaps} or 5 m[m]{.smallcaps}) and *HTT* CAG repeat length (CAG17 versus CAG60)-dependent impact on cellular homeostasis. For each cell line, at least eight biological replicates/line across two independent experiments were measured. Student's *t*-test, ^\*\*^ indicates *P* \< 0.01 while ^\*\*\*^ indicates *P* \< 0.001.](ddy430f5){#f5}

![Rescue of ATP levels in HD neurons via exogenous application of glycolytic metabolites. **(A)** HD (109n1) and control (21n2) differentiated striatal neural cells were supplied with various concentrations of D-glucose (D-Glu) for 48 h, after which ATP concentration was measured. At 250 μ[m]{.smallcaps} and 500 μ[m]{.smallcaps}, HD cells showed significantly decreased ATP levels compared to untreated, while control cells did not. One-way ANOVA. ^\*^*P* ≤ 0.01, ^\*\*^*P* ≤ 0.001 versus vehicle (Veh, water). **(B** and **C)** At 250 μ[m]{.smallcaps} of D-glucose, cells were also provided with sodium pyruvate (Pyr) or PEP for 48 h. Both molecules significantly increased ATP concentrations in HD cells (109n1 and 50n7) (B), while levels remained constant in control cells (21n2 and 33n1) (C). CellTiter-Glo assay was used to measure ATP levels. QuantiFluor assay was used to measure amount of dsDNA per well for normalization. Untreated (UT) and Vehicle (Veh, water) means cells in a neural induction medium (NIM). One-way ANOVA. ^\*^*P* ≤ 0.05, ^\*\*^*P* ≤ 0.005 versus media with no metabolites, supplied with 250 μ[m]{.smallcaps} D-glu.](ddy430f6){#f6}

Finally, we evaluated whether increasing the availability of glycolytic metabolites could rescue the bioenergetic phenotype in HD neurons. HD iPSC-derived striatal neural cells were plated on pyruvate-free medium and treated with various concentrations of glucose for 48 h. HD cells required a much higher concentration of glucose to increase ATP levels towards untreated levels compared to control cells ([Fig. 6A](#f6){ref-type="fig"}). At 250 μm glucose, a concentration at which HD cells showed ATP level deficits, ATP levels of HD neural cells could be significantly increased by addition of 2 mm pyruvate or 100 μm phosphoenolpyruvate (PEP, the product of the enolase step) ([Fig. 6B](#f6){ref-type="fig"}), two important metabolites created during the later stages of glycolysis that result in production of ATP. ATP levels in neural cells generated from healthy control iPSCs were similar to untreated in all of these conditions ([Fig. 6C](#f6){ref-type="fig"}). To further characterize this rescue by glycolytic metabolites, one differentiated HD iPSC line was further studied in conditions of 250 μm glucose. Earlier glycolytic intermediates glyceraldehyde-3-phosphate and fructose-1,6-biphosphate did not significantly increase ATP levels, while later pathway intermediates pyruvate and PEP once again increased ATP production ([Supplementary Material, Fig. S2](#sup2){ref-type="supplementary-material"}). These metabolites also rescued cell viability in another model of HD. Primary cortical mouse neurons transfected with mutant HTT (82 CAG repeats) showed increased cell death as compared with those transfected with wild-type HTT (22 CAG repeats). When mutant HTT-transfected primary neurons were treated with 10 mm pyruvate or PEP they demonstrated a dose-dependent rescue of cell death, while treatment with glyceraldehyde-3 phosphate did not rescue transfected neurons ([Supplementary Material, Fig. S3](#sup3){ref-type="supplementary-material"}). Therefore, treatment with late-stage glycolytic metabolites could present a possible path to metabolic restoration in cells with the HD mutation.

Discussion {#sec3}
==========

We have conducted a multidisciplinary study of metabolism in HD iPSCs, iPSC-derived neural populations and MSN-like neurons. We find decreased ATP in the HD iPSC-derived striatal neurons compared to controls. Omics analyses show relatively preserved or upregulated mitochondrial-related mRNA and protein expression, but decreased expression of glycolytic enzymes. The increase in oxidative phosphorylation enzymes could reflect increased production or reduced turnover, perhaps reflecting compensation by the cells to increase bioenergetics capacity. The Seahorse studies highlight defects in spare glycolysis. Importantly, ATP levels were restored with addition of pyruvate and partially restored with PEP. These findings highlight defects in glycolysis as a contributor to overall changes in metabolism, rather than a primary mitochondrial defect. We also see enhanced sensitivity to oxidative damage-related toxins, even at the early neural progenitor stage. This is consistent with the HTT mutation causing stress to the oxidation-reduction system in the cells. These data raise new possibilities for modulating the effect of the HD mutation with glycolytic intermediates or by otherwise targeting metabolic control.

The metabolic changes reported here emerged from an unsupervised analysis after adding proteomics measurements to our previously reported transcriptomic and epigenomic analyses in the same cultures, emphasizing the value of integrating multiple omics studies. The result of this multiomics analysis is now available to community online and can be further mined for novel hypotheses regarding molecular differences in this neuron model.

There is precedent for altered glycolytic capacity in HD. For instance, extra-mitochondrial energetic changes involved in glycolysis were also implicated in a study of a mouse HD striatal cell line ([@ref33]). In agreement with the proteomics data presented here, tricarboxylic acid cycle proteins were reported as upregulated in HD postmortem brain ([@ref24],[@ref52]). Respiratory defects emerged in primary neurons derived from a transgenic rat model of HD when they were incubated in physiologic levels of glucose ([@ref37]); however, they also observed a difference in spare respiratory capacity and maximal respiratory capacity in those cells, which were not observed in the present study. In two recent studies of the R6/2 mouse model, along with decreased spare mitochondrial capacity in HD, the glycolytic enzyme ENO2 was also reported to be decreased in mouse brain ([@ref38],[@ref53]), although Skotte *et al.* attributed bioenergetic changes in the tissue to astrocytes rather than neurons. ENO2 was also shown to be decreased in the basal ganglia of HD patients ([@ref54]). Alterations in glycolysis were observed in a non-neuronal cell model and in transgenic fruit fly, though it is not clear if their results are precisely congruent with ours ([@ref39]).

Interestingly, a reduction in mitochondrial respiration and increase in glycolytic flux was reported in a cell model of amyotrophic lateral sclerosis, another neurodegenerative disorder ([@ref55]). Meanwhile, similar Seahorse experiments in iPSC-derived neurons from patients with familial Parkinson's disease primarily showed mitochondrial deficits, though they did not report ECAR results ([@ref56]).

Using the same parallel cultures used here for proteomic analysis, we previously reported alterations in neurodevelopmental and neurogenesis-related pathways in HD iPSC-derived neural cells, particularly related to cell maturation ([@ref42]). A recent publication also demonstrates impairment in neurodevelopment-related pathways in HD iPSC-derived neurons ([@ref57]). Furthermore, *in vivo* studies suggest that targeting development-related pathways can modify disease-related phenotypes in HD models ([@ref58]). The alterations to metabolic and neurodevelopment pathways in these cell lines could be interrelated. It is intriguing that during neurodevelopment, the bioenergetic balance shifts between glycolysis and oxidative phosphorylation, with a greater dependence on glycolysis during differentiation and shift to greater dependence on oxidative phosphorylation after cell specification ([@ref59]). There is some evidence that increased use of glycolysis during development could support cell proliferation and synapse growth ([@ref59],[@ref60]). It is conceivable that the deficits in spare glycolysis observed here, using cell models that can elucidate changes in early stages of neurodevelopment, could drive changes in homeostasis during development that causes increased vulnerability later to the presence of mutant HTT. Furthermore, it has been shown that overall aerobic glycolysis in the brain decreases during normal human aging ([@ref61]), and that the use of glycolysis within the brain maybe related to deposition of amyloid-beta and tau in Alzheimer's disease ([@ref62],[@ref63]), raising interesting questions about HD brains' reliance on glycolysis.

Other changes have been reported in metabolic pathways in HD. Studies in the R6/2 HD mouse model and HD patients suggested alterations in phosphocreatine utilization ([@ref64],[@ref65]). The sphingosine phosphate pathway has been implicated ([@ref66],[@ref67]) and alterations in ascorbic acid transporters described ([@ref68]). Alterations in striatal lipids have also been reported in *Htt* CAG repeat knock-in mice ([@ref69]). Expression and function of the TF PGC1-alpha has repeatedly been shown to be impaired in HD, which affects mitochondrial biogenesis and function ([@ref30],[@ref70],[@ref71]). Under these conditions with impaired function in several metabolic pathways, one might expect glycolysis would be an important alternative pathway to produce ATP, but the data presented here suggest that the cells are unable to increase glycolysis accordingly. These diverse metabolic pathway alterations highlight the potential complexity of metabolic changes in cells with the HD mutation.

A number of mechanisms may be relevant to the impaired bioenergetics described. One important possibility is response to proteotoxic stress or other cell stress. The unfolded protein response reduces glucose metabolism as an adaptive response, via inositol-requiring enzyme 1 signaling ([@ref72]). Another interesting possibility is that glycolytic alterations may be specifically related to axonal transport defects ([@ref73]). We also find axonal transport-related RNAs and proteins to be significantly altered in the HD iPSC-derived striatal cultures ([@ref40],[@ref42]).

A key question is the extent to which changes are direct consequences of mutant HTT or are compensatory. Our results suggest the possibility that changes in glycolytic flux result from decreases in specific enzymes later in the pathway such as ENO2, particularly since rescue of ATP levels could only be achieved with the addition of later-stage glycolytic intermediates. It has also been suggested that flux through the glycolytic enzyme GAPDH may be relevant ([@ref74]), although the results presented here suggest that the major impairment by mutant HTT occurs after that step in glycolysis. Recent studies have also suggested a possible role of the connection between mitochondria and the endoplasmic reticulum, perhaps via sigma-1 receptors ([@ref75],[@ref76]), agonists of which have been shown to be protective in HD models ([@ref77],[@ref78]). Pyruvate can rescue impaired ATP production caused by sigma-1 mutations ([@ref79]).

Our study does have some limitations. The HD iPSC-derived neuronal models are cultured cells rather than MSNs existing in the *in vivo* HD caudate and putamen in the presence of other cell types. However, the two differentiation protocols used here have complementary advantages. The differentiation protocol leading to striatal neural cells, used here for proteomics and rescue experiments, does not yield a homogeneous population of mature \`MSN-like' neurons, but rather a mixed population of neurons and neural precursors. This longer differentiation protocol, as in our previous publication, yields neurons with a MSN-like phenotype, but the percent of DARPP32-positive neurons is about 10--15% ([@ref41],[@ref42]), though this may be an under estimate due to the limited sensitivity of the DARPP32 antibodies currently available. On the other hand, the shorter differentiation protocol, used here for Seahorse and some of the ATP level studies, leads to a more homogeneous population of neurons (\~90% MAP2+) positive for GABA markers ([@ref44]) and MSN markers (20--30% DARPP32+ and 60--80% CTIP2+, data not shown). Our systems do not model neuronal--glial interactions or cortico-striatal connection. In addition, *in vitro* studies of cellular metabolism are necessarily limited since metabolic substrates are artificially provided through the cell media rather than through physiological interactions. Future studies using models designed to be closer to *in vivo* neuronal conditions, such as 3D brain cell culture models and models with well-characterized neuronal--glial connections, will greatly advance the field. We also look forward to the generation of human-derived HD cell lines with matching isogenic controls lacking the HTT mutation. The range of cell lines used here have CAG repeat lengths typical of both adult- and juvenile-onset HD, and future studies using cell lines from many more individuals may be able to identify repeat-length dependency. However, the cell lines used in this study have significant advantages over other cell line models of HD currently available, as our models are derived directly from HD patients and controls, and we have previously shown that they exhibit many CAG expansion-dependent phenotypes ([@ref40]).

Studies of cellular metabolism may have therapeutic implications. Metabolic abnormalities in HD are complex, and likely involve much more than isolated changes in glycolysis or any other single pathway. Therefore, interventions at the level of TFs or other proteins that are \`master regulators' of metabolism may be especially promising. Possibilities include HDAC inhibitors ([@ref80]), SIRT1 agonists ([@ref81],[@ref82]) and agents which act on mTOR or TORC ([@ref83]). In addition, strong neuroprotective effects of PPAR agents have been reported, especially PPAR agonists ([@ref84]). A metabolomics screen would be a useful future complement to the current studies. Our finding that pyruvate can rescue HD-related neuronal cell death could also suggest potential therapeutic interventions. A number of studies have shown a neuroprotective effect of pyruvate in several models of neurodegeneration ([@ref79],[@ref88]). To our knowledge, pyruvate has not been tested in HD mouse models, but this is a future study to consider.

Materials and Methods {#sec4}
=====================

Cell culture and differentiation of human neuronal progenitors {#sec5}
--------------------------------------------------------------

Here we refer to the cell lines based on the CAG repeat length and clone number of the iPSC line the cells were differentiated from (i.e. \`60n5' indicates cells are derived from an iPSC line with 60 CAG repeats, clone 5) ([Supplementary Material, Table S1](#sup5){ref-type="supplementary-material"}). Human iPSC (HD iPSC Consortium) were cultured on Matrigel-coated (BD Biosciences, San Jose, CA) 6-well plates in mTeSR 1 media (STEMCELL Technologies, Cambridge, MA) in a 37°C incubator at 5% CO~2~ with fresh media changes (2.5 mL/well) every day. Derivation of HD17m8 neuronal progenitors has been described previously ([@ref45]). To obtain human neuronal progenitor cell (NPC) populations, human iPSC lines were differentiated following standardized STEMdiff^TM^ neural induction media (NIM) method (STEMCELL Technologies) following manufacturer's instructions. In short, single-cell suspensions of human iPSCs were prepared by harvesting individual iPSC colonies using ACCUTASE^TM^ (STEMCELL Technologies) and resuspending in STEMdiff^TM^ NIM (supplemented with 10 μ[m]{.smallcaps} Y-27632). Total cell counts and viability were determined using the Countess Automated Cell Counter (ThermoFisher Scientific, Waltham, MA). For initiation of uniform sized embryoid body formations, 3 million cells/mL single-cell suspension for each human iPSC population was plated in independent wells of an AggreWell800 plate (STEMCELL Technologies), resulting in \~10 000 single cells/micro-well. The resulting neural aggregates were incubated in NIM for 4 days with daily 1 mL/well media changes. Mature embryoid bodies were harvested on day 5 and plated on PLO/Laminin-coated 6-well plates and cultured for additional 7 days in NIM. The fidelity of the neural rosette formation from each embryoid body was checked over the course of the next 7 days. On day 12, high fidelity neural rosettes were harvested through individual neural rosette selection and enriched on to Matrigel-coated 6-well plate for further neuronal progenitor population expansion in NPC media. The neuronal progenitor populations were maintained in NPC media.

Differentiation of human iPSCs to mature neurons {#sec6}
------------------------------------------------

Human iPSCs were grown on a Matrigel-coated glass-bottomed 96-well plate (PerkinElmer, Waltham, MA) and differentiated into mature neurons using either (a) small molecules based as described previously ([@ref44]) or (b) BDNF and TFs as described previously ([@ref42],[@ref43]). Cells produced by (a) are described in the text as medium spiny-like neurons, while cells produced by (b) are referred to as striatal neural cells, because the population of cells from this protocol included more mixed neural cell types.

Cellular ATP in HD allelic series of human iPSCs {#sec7}
------------------------------------------------

Dual live-cell fluorescence and luminescence intensity-based quantitative cellular assay was used to assess the impact of HTT CAG repeat length expansion on cellular ATP. Briefly, human iPSCs were grown to 75% confluency in a 6-well plate as described above. Cells were loaded with CyQUANT Direct (ThermoFisher Scientific) dye following manufacturer's instructions. In order to obtain total cell counts, human iPSCs were harvested using ACCUTASE and were counted using the Countess Automated Cell Counter. Using a standard curve from 1000--50 000 cells/well, CyQUANT loading efficiencies across multiple lines were established. To measure cellular ATP, 20 000 live cells/well were dispensed in an uncoated glass-bottomed 96-well black-walled plate (PerkinElmer). Total fluorescence per well was measured to obtain the total number of live cells per well. Immediately following the fluorescence measurements, cells were processed for cellular ATP measurement using the CellTiter-Glo assay as described (Promega, Madison, WI). Total live cell counts for a given well (based on CyQUANT fluorescence intensity/well) were used to adjust the luminescence measurements obtained from the same well in order to yield a quantitative total cellular ATP/live cell measurement.

Total cellular ATP across multiple stages of cellular differentiation {#sec8}
---------------------------------------------------------------------

Dual live-cell fluorescence and luminescence intensity-based quantitative cellular assay was used to assess the HTT CAG mutation-specific and state-dependent, impact on cellular energetics as described above. Three different stages (iPSCs, neuronal progenitors and mature neurons) were used.

iTRAQ samples preparation {#sec9}
-------------------------

Quantitative proteomics (iTRAQ, isobaric tags for relative and absolute quantification) samples of 21n1, 28n6, 33n1, 60n5, 109n1 and 109n5 differentiated iPSCs were prepared in parallel according to the protocol described in ([@ref92]). Briefly, the cell pellets were lysed in 0.5 ml of 4% SDS and 0.1 M DTT in 0.1 M Tris--HCl, pH 7.6 at room temperature and sonicated two to three times with 10W power input and 5 s intervals to reduce viscosity of the lysate. The lysates were diluted with water and protein amounts were determined with Pierce BCA assay (ThermoFisher Scientific) to normalize it between samples. For additional QC, aliquots of the prepared material were fractionated on SDS-PAGE and stained with Coomassie protein stain to ensure the lack of protein degradation during the procedure.

iTRAQ labeling and LC-MS(/MS) proteomics analysis {#sec10}
-------------------------------------------------

8-plex iTRAQ procedure and LC-MS analysis were performed at the Mass Spectrometry and Proteomics Facility, Johns Hopkins University School of Medicine as described in ([@ref40]). In details, after proteolysis using trypsin, 100 μg of each proteins sample were dried to 37 μl and peptides were labeled with an isobaric tag by adding an iTRAQ reagent (dissolved in 50 μl of isopropanol) at room temperature for 2 h. After labeling, all samples were mixed and dried to a volume of 200 μL and fractionated by basic reverse phase (bRP) LC on an Agilent 1200 Capillary HPLC system using XBridge C18, 5 μm 100 × 2.1 mm analytical column. Each bRP fraction was redissolved in 0.2% formic acid and separated on a C18 column with an 8 μm emitter tip using 5--40% B (90% acetonitrile, 0.1% formic acid) gradient over 60 min at 300 nl/min. Peptides were fractionated by reverse-phase HPLC on a 75 um × 15 cm PicoFrit column with a 15 um emitter (PF3360-75-15-N-5, New Objective, Woburn, MA) in-house packed with Magic C18AQ (5 um, 120 Å, New Objective) using 0--60% acetonitrile/0.1% formic acid gradient over 70 min at 300 nl/min. Eluting peptides were sprayed (at 2.0 kV) directly into Q-exactive Orbitrap mass spectrometer (ThermoFisher Scientific) interfaced with Easy-NanoLC 1000 nanoflow system. Survey scans (full MS) were acquired from 350--1800 m/z with up to 15 peptide masses (precursor ions) individually isolated with a 1.2 Da window and fragmented (MS/MS) using a collision energy of 31 and 30 s dynamic exclusion. Precursor and the fragment ions were analyzed at 70 000 and 17 500 resolutions, respectively. Peptide sequences were identified from isotopically resolved masses in MS and MS/MS spectra extracted with and without deconvolution using Thermo Scientific MS2 processor and Xtract software. Data was searched against Refseq human 2012 database, specifying sample's species, trypsin as the enzyme allowing one missed cleavage with variable modifications of oxidation on methionine, deamidation on residues N and Q, 8-plex iTRAQ on tyrosine and fixed modifications of methylthiomethane on cysteine and 8-plex iTRAQ on lysine and N-term (fixed) using Mascot software (Version 2.2 [www.matrixscience.com](http://www.matrixscience.com)) interfaced in the Proteome Discoverer 1.4 (<http://portal.thermo-brims.com>/) workflow.

Protein quantification and statistical analysis {#sec11}
-----------------------------------------------

The peptides with a confidence threshold 1% false discovery rate were considered for analysis (FDR was identified based on a concatenated decoy database search). Reporter ion spectra with isolation interference larger than or equal to 30% were excluded. Protein log2 relative abundances were estimated using the method of ([@ref93]). In this algorithm, the log2 reporter ion intensities for each spectrum were \`median-polished', that is, the spectrum median log2 intensity was subtracted from the observed log2 intensities. The relative abundance estimate for a protein was calculated as the median of these median-polished data, using all reporter ion intensity spectra belonging to this protein. Adjustments for different sample preprocessing and amounts of material loaded in the channels were carried out by subtracting the channel median from the relative abundance estimates, normalizing all channels to have median zero. In the final step, proteins that were identified and quantified by reporter ion intensities from only one peptide were excluded. We compared protein abundances based on the median values for HD cell lines (109n1, 109n5 and 60n5) and control cell lines (21n1, 28n6 and 33n1). The *P*-values were calculated based on the moderated *t*-test from the limma package ([@ref94]) as in ([@ref95]), and the proteins with moderated *P* \< 0.05 were declared statistically significantly changed between HD and control cells. The list of all detected proteins were sorted by moderated *P*-value and submitted to the GOrilla tool ([@ref96]) to determine biological process GO terms that are enriched towards the top of the list.

Western blot analysis {#sec12}
---------------------

Cells were lysed with RIPA buffer supplied with 1% Triton X-100 (both from MilliporeSigma, Burlington, MA) and 0.5% Protease Inhibitor Cocktail (Set III, Calbiochem, MilliporeSigma). Antibodies for detection of ENO2 were purchased from Cell Signaling Technology, Danvers, MA. Equal loading was verified by western blotting on actin (mouse primary antibodies from Millipore Sigma).

RNA-seq analysis {#sec13}
----------------

RNA-seq and differentially expressed gene sets are taken from publicly available data, measured in similar cultures ([@ref42]).

Network analysis {#sec14}
----------------

For an unbiased way to uncover interactions and pathways in the data, Omics Integrator software version 1.2 ([@ref46]) was used. First, TFs hypothesized to affect differential gene expression were generated using the Garnet module, by searching for TF motifs in differential H3K27ac regions in the same cells, and then regressing the strength of those motifs with the change in expression of nearby genes. Then, proteins were assigned prizes based on the absolute value of the logFC of that protein in HD compared to control cell lines. These proteins and the TFs were then input to the Forest module of Omics Integrator. The default interactome included with Omics Integrator was augmented with HTT interactions from ([@ref48]) and with metabolite--protein interactions from Recon ([@ref97]). A negative prize was also assigned to proteins with very low mRNA expression in these cells, by adding −10/(average RPKM + 1) to each protein's prize. Forest was run with several parameters---all combinations of *w* = \[3,5\], *b* = \[5,10\], mu = \[0.03,0.05\], D = \[5\] and garnetBeta=\[0.01,0.03,0.05\] gave networks with acceptable average degree of Steiner nodes (i.e. do not include 'hubs'). All nodes were subjected to robustness and specificity tests using Omics Integrator functions randomTerminals and noisyEdges, and were eliminated from results if they appeared in \>10% of randomTerminal networks or \<90% of noisyEdge networks. Rather than choosing one parameter set for further analysis, the resulting networks were combined by including all nodes that appeared in at least 5 of the 24 networks with different parameter combinations, and all edges from the interactome between those nodes. The final network was clustered using Louvain community clustering. The protein nodes in each cluster were submitted to the GOrilla tool ([@ref96]) to calculate enrichment of biological process GO terms in those nodes over the background of all proteins in the interactome.

Bioenergetics assay {#sec15}
-------------------

iPSCs were cultured according to ([@ref42]). Cell lines were subsequently differentiated to NPCs with the addition of Activin A (PeproTech, Rocky Hill, NJ), plated on XF24 plates (Agilent Technologies) at a density of 100 k cells/well and matured for 3 weeks as described ([@ref44]). OCRs and ECARs were measured on the Seahorse XF24 Analyzer (Agilent Technologies, Santa Clara, CA) using standard assay kits (Seahorse XF Mito Stress Test) or modified buffer conditions with 1XKHB buffer: 111 m[m]{.smallcaps} NaCl, 4.7 m[m]{.smallcaps} KCl, 2 m[m]{.smallcaps} MgSO4, 1.2 m[m]{.smallcaps} Na2HPO4, 2.5 m[m]{.smallcaps} Glucose, 0.5 m[m]{.smallcaps} carnitine, pH 7.4 and standard assay reagents (oligomycin, FCCP and rotenone). Data within each XF24 well was normalized using post assay cell counts. Wells with negative OCR values were excluded from the analysis. ATP production calculated as the decrease in OCR from basal to posttreatment with oligomycin. Maximal respiration calculated as the decrease in OCR posttreatment with FCCP to posttreatment with rotenone. Spare respiratory capacity was calculated as the increase in OCR from basal to posttreatment with FCCP. Spare glycolysis measured by ECAR following treatments with the ATP synthase inhibitor oligomycin.

Paraquat and H~2~O~2~ sensitivity of human neuronal progenitors {#sec16}
---------------------------------------------------------------

Human neuronal progenitor populations were grown to \~90% confluency on a PLO/Laminin-coated 6-well plate. Cells were loaded with CyQUANT Direct following manufacturer's instructions. Two hours after incubation, cells were harvested using TrypLE express (ThermoFisher Scientific) and counted using Countess Automated Cell counter. For each cell line, 10 000 cells/well were dispensed into a 96-well plate and incubated overnight in either the NPC media alone or supplemented with varying concentrations (1 m[m]{.smallcaps} or 5 m[m]{.smallcaps}) of either paraquat or H~2~O~2~. Relative time-resolved difference in loss of fluorescence (measure of sensitivity/survival) between initial (time 0) and final time point were used to assess the percent survival.

ATP rescue with glycolytic metabolites {#sec17}
--------------------------------------

HD and control iPSCs were differentiated towards striatal neural cells ([@ref43]) for 48 days, dissociated with TrypLE solution (ThermoFisher) and re-plated into Matrigel (BD Biosciences)-coated 96-well plates, 10^4^ cells/well. On day 6 after re-plating, the cells were transferred to pyruvate-free Neurobasal A Medium (ThermoFisher, A2477501) supplied with various concentrations of D-glucose and sodium pyruvate (both from ThermoFisher) or PEP (Sigma) for 48 h. Relative intracellular ATP values in cell extracts were measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, G7571) according to manufacturer's instructions. Luminescence was measured on GloMax® Discover Multimode Microplate Reader (Promega) and the values were normalized to the amount of dsDNA per well determined by QuantiFluor® dsDNA System (Promega, E2670) according to the manufacturer's instructions in the same plates using the same instrument. Statistical analysis was performed using one-way analysis of variance (ANOVA) for at least three independent experiments.

Cell culture of mouse primary neurons and transfection {#sec18}
------------------------------------------------------

Primary cortical neurons were prepared from CD1 mice at embryonic day 15. Cortices were dissected out, treated with 0.05% trypsin/EDTA (ThermoFisher), mechanically dissociated and plated on poly-D-lysine-coated 24-well plates at 0.1 × 106 cells/cm2. Neurons were maintained in Neurobasal medium supplemented with B27 and 2 m[m]{.smallcaps} GlutaMAX (ThermoFisher) in 5% CO~2~ at 37°C. At 7 days *in vitro*, primary neurons were co-transfected with the plasmids carrying specified Htt construct and enhanced green fluorescent protein (eGFP) using Lipofectamine 2000 (ThermoFisher) according to our modified protocol ([@ref87]). The constructs used for transfection were N586 fragments of Htt with either 22 or 82 CAGs. Forty-eight hours after transfection, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min. After three washes with PBS, cells are stained with 0.8 μg/mL of DNA-binding dye bisbenzimide (Hoechst 33342, MilliporeSigma) to visualize cell nuclei.

Nuclear condensation assay {#sec19}
--------------------------

Nuclear condensation assay was performed according to our protocol ([@ref40]). Briefly, images of 49 independent fields per well were automatically taken on an inverted fluorescence microscope (Axiovert 200, Zeiss, Oberkochen, Germany) and analyzed using the Volocity software (PerkinElmer). Cell survival was determined by automated measurement of the average intensity of DAPI-stained nuclei of transfected cells visualized by eGFP expression. Cells were considered as viable when their nuclear intensity was lower than 200% of the control intensity. Statistical analysis was performed using one-way ANOVA for at least three independent experiments.
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